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PREFACE 


This Interim Report contains the results of work performed during the 
period of 1 July 1971 to 31 May 1973 under Phase A of Contract NAS8-27809, 
entitled "Superconducting Compounds and Alloys Research." This investiga- 
tion deals with the electrical and superconducting properties of Indium- 
Bismuth alloys and the shock-wave synthesis of the superconducting compound 
Nb 3 Sn. Phase B of this contract investigates the properties of low-gravity 
processed immiscible alloys. 

The research program is sponsored by the National Aeronautics and Space 
Administration, George C. Marshall Space Flight Center, Alabama. Dr. L. L. Lacy 
is the technical monitor of the contract. 
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ABSTRACT 


Resistivity measurements as a function of temperature were per- 
formed on alloys of the binary material system In^ * vary- 

ing between 0 and 1. It was found that for all single-phase alloys 
(i.e. the pure elements, a- In, and the three intermetallic compounds) 
at temperatures sufficiently above the Debye-temperature, the resistivity 
p can be expressed as p = SqT”, where a^ and n are conq>osition- 
dependent constants. The same exponential relationship can also be 
applied for the sub-system In-In 2 Bl, when the two phases are in composi- 
tional equilibrium. 

Due to the temperature dependent solubility of bismuth in indium, the 
relative composition of a eutectic material changes with temperature, 
giving rise to a time- dependent resistivity when quenched from one equi- 
librium temperature to another temperature. For such behavior, the 
fractional change in resistivity can be expressed as a function of time 
t, with the relation Ap = 1 - exp(-bt“) where b and m are composi- 

tion and temperature-dependent parameters. From these resistivity measure- 
ments, an activation energy for the diffusion of Bi in In of 0.7 eV/atom 
is calculated. It was established that even at -75.5 “C the eutectic 
material tends to achieve its equilibrium composition over a very long 
period of time. 

The decomposition of supersaturated ct-In at various temperatures 
was studied by the same technique. The time-dependent change in resis- 
tivity can be associated with the nucleation and growth of In 2 Bl particles. 

Superconductivity measurements on single and two -phase alloys can be 
explained with respect to the phase diagram. There occur three super- 
conducting phases (a-In, In 2 Bi, and In^Bi^) with different transition tempera- 
tures in the alloying system. The magnitude of the transition temperatures 
for the various intermetallic phases of In-Bi is such that the disappearance 
or occurrence of a phase in two component alloys can be demonstrated easily 
by means of superconductivity measurements. 
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The density of ln>Bl alloys at rooa tenperature was measured by the 

buoyancy technique. With increasing Bi-concentration in the alloys, the 

density increases smoothly between the values for the terminal elements. 

No maxima occur at any of the compositions which correspond to the inter- 

metallic conqtounds. For InBl, a relative decrease in specific volume by 

2.9Z is found. The experimental density data for Bi-concentrations up to 

50 at.Z may be expressed in an additive fashion by attributing a mean 

o 3 

atomic volume of 33.8 A to the bismuth atom. This value corresponds to 
a density that B1 would have at room temperature in its liquid state. 
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I. Introduction 

This study of indium-bismuth alloys was Initiated by a request 
for an electrical measuring technique to characterize one of the 
samples obtained from the Apollo 14 Composite Casting Demt)nst rat ions [1]. 

The low-gravity processed material consisted of an In-Bi eutectic matrix in 
which small tungsten spheres were dispersed. The experiment had the 
objective of observing the effect of gravity on the distribution of 
high-density particles (tungsten) in a low-density matrix (In-Bi eutectic), 
when the matrix was melted and solidified under both zero-gravity [1] and 
one-g conditions. Significant segregation of tungsten particles was 
found when the matrix was melted vmder one-gravity; whereas in the 
flight sample, a more homogeneous particle distribution was observed [2]. 

The goal of the present Investigation was to evaluate both the 
flight and ground sample in respect to the homogeneity of particle dis- 
tribution by resistivity measurements. An optical particle count on the 
outer-surface of the specimens had already been undertaken. Since the 
samples can be considered a macroscopic composite material consisting 
of the two components In-Bi and W, the method of measuring the local 
electrical resistivity was chosen to evaluate the homogeneity (ui.iformlty) 
of the particle distribution. The technique s based on the principle 
that a homogeneous material with uniform cross-section has a constant 
local electrical resistivity independent of the sampling location. Since 
the resistivity of W and In-Bl eutectic differ considerably, a non- 
uniform tungsten distribution will be represented as a change in the local 
resistivity. The results of these measurements are discussed in the 
first section of this report. 

At the final stage of this investigation, the accuracy (1%) of the local 
resistivity measurements could not be improved any further because of 
the occurrence of a continuous small voltage drift. The reason for this 
drift was found to be in the In-Bi matrix itself, whose resistivity was 
changing slowly for several hours or even days after the material had expe- 
rienced a sudden but small change in its environmental temperature. Such 
an effect had not been reported before and the behavior is quite unusual 
for two-phase alloys at room temperature. 


. 
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A further objective was to investigate this time-dependent resis- 
tivity on wire-shaped samples and to explain the effect by assuming a 
lempeT-ature-dependent change in composition [3]. In order to better 
understand the stability of eutectic materials and to experimentally 
study the achievement of Isothermal equilibrium compositions, an investi- 
gation of the whole In-Bl alloy system was made. The results are given 
in the second section of the report. The In-Bi alloys represent a model 
substance, with properties common to other systems. The knowledge gained 
can be used to characterize other low-melting alloys like Ga-Bi or Pb-Zn in 
respect to their compositional and homogeneity status. The electronic 
properties of such materials are of current active interest in the space 
processing program. 



II. Local Resistivity Invesitc-ation 
1. BACKGROUND 

The sample obtained from the Apollo 14 Composite tstlng Demon- 
stration [1] had the form of a longitudinally-cut half cylinder with a 
length of 7.6 cm (3.0 Inches) and a diameter of 1.74 cm (0.685 Inches). The 
cross-sectional area was approximately 1.1 cm^. The specimen consisted o'" 

70 vol.% of low density In-Bi eutectic matrix (d = 8.2 g/cm^) in which 30 vol.% 
Cu-coated tungsten spheres (d = 19.3 g/cm-^) were dispersed. The copper coat- 
ing was used to improve the wetting conditions. The size of the spheres was 
44 Pm and less. This zero-gravity processed sample (NASA Code 1-F-B-OO) 
could be compared with a ground-control sample (NASA Code 1-C-B-OO) prepared 
under otherwise identical conditions on earth. The specimens were labelled 
as having a hot and a cold end which refers to the positions in which the 
samples solidified in the heat sink. 

Generally, the resistivity of a homogeneous polycrystalline 
material referred to unit length and cross-section is a constant, independent 
of the location where the resistivity is measured. The resistivity of the 
two macroscopic components used for the composite material are P “ 34.5pncm 
for In-Bi matrix [4] and p2 = 5.65 pDcm for bulk tungsten [5]. If a homo- 
geneous and uniform dispersion of the small tungsten particles were achieved, 
the resistivity of the flight sample and the ground- control sample should be 
identical and be constant for different sections over the whole sample length. 
If a variation of the particle distribution occurred, the local resistivity 
should vary accordingly at that location. 


2, EXPECTED RESISTIVITY FOR COMPOSITE MATERIALS 

The actual resistivity of the composite material can be approxi- 
mated by a model consideration of the following type. Assuming a homoge- 
neous and uniform dispersion of the tungsten particles in the eut'ctic matrix, 
the composite can be synthesized from a multitude of unit cells. Each unit 
cell is thought to be consisting of a cube, in the center of which the W-sphere 


is located. The appropriate dimensions of such a unit cell are given in 
Fig. la. If the resistivity of one unit cell were known, the resistivity 
for the composite would be the same as long as it is constructed by a three- 
dimensional electrical network of serial and parallel resistors [6]. 

The problem then reduces to com;, .ting the composite resistivity of 
a unit cell which has not yet been solved in closed form. However, a similar 
problem is easily accessible when transt >rming the sphere in a cube of equal 
volume [Fig. lb]. The composite resistance of this configuration is com- 
posed of the resistance of two slices of eutectic material (R^^) having a 
square cross section and the resistance of the tungsten cube (R(.) with the 
In-Bi sleeve (Rg) which are switched in parallel. According to the switching, 
the following relation for the resistance (R) of a unit cell applies 


R 


RgRc 

^'1 * 


10 ) 


A resistivity of p = 18.4 pnc.,. is calculated for the composite material 

with the cubic configuration. This value is accurate tJ about 10% and te.:ds 
to increase slightly when the spherical conditions are approached, as we will 
show later. The considerations do not take into account any scattering or 
interface effects which may be expected for particles in the micron range [7]. 


3 . EXPERIMENTAL RESULTS 

A sample holder as shown in Fig. 2 was built which allowed 
measurements of the resistance of the material between two variable loca- 
tions and X£ with a sliding contact technique. The contact consisted 

of a brass needle (radius of the tip approximately 73 pm) which was gently 
pressed by gravity on the polished surface of the specimen. By this method, 
the contact did not dig into the soft In-Bl matrix. The location of the 
needle could be accurately measured with an attached micrometer which had a 
sensitivity of 0.02 mm (0.001 inches). 





P (EUT.) * 34.5 /iJicm 
P (W) = 5.66 M^cm 
P (UC) = ? 


8.75 /i 


I In-Bi EUTECTIC I 


CURRENT 


TUNGSTEN 

V = 30% 
a‘ = 35.5/Ltm 


Ri 


a = 53/im 


P (EUT.) = 34.5 nilcm 
P (W) = 5.65 nSlcm 
P (UC) =18.4Mncm 


Fig. 1. Schematic representation of a composite unit cell for 
resistivity calculations. 


a. ) With spherical particle of 30 vol.%. 

b. ) With cubic particle of 30 vol.%. 
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A constant current of 10.00 amperes regulated to 0.1% was 
passed through the material. In order to reduce disturbance of the current 
distribution at the contact area, the Cu-current leads had the shape of the 
sample and were fixed with silver conductive paint on both ends of the speci- 
men. The contact resistance ranged from 0.2 to 0.7 mf2. 

The voltage drop between a fixed point on the sample and variable 
locations, usually 0.75 cm (0.3 Inches) apart, was measured directly with a 
digital milllvoltmeter of 0.5 pV resolution. An interval of Ax = 0.75 cm 

normally gave a change in voltage of 250 pV. The imcertainty In location 
caused by the finite extension of the needle contact resulted in a misreading 
of a maximum 2.5 pV. In order to reduce this error, ten repeated measure- 
ments at the same locations were made and the average value taken so that the 
error of the absolute resistivity could be reduced to + 0.5%. An apparent 
reduction of the size of the measuring interval was obtained by offsetting the 
starting points of the intervals by a certain length so that intercalating 
spatlals of 0.75 cm were obtained. 

The apparatus was tested with a piece of flawless brass having the 
same dimensions as the samples. The results of the local resistivity measure- 
ments are plotted in the lower part of Fig. 3. The spatial resolution for 
every measured point was 0.3 inches and the average of 10 measurements is 
plotted. The figure shows that the resistivity of the brass sample within 
an error of 1%, is constant and independent of the measuring position. An 
exception has to be made at both sample ends where, due to a current distor- 
tion, a deviation occurs. These end-effects disturb the measurement up to 
0.4 Inches Into the sample and, therefore, only data beyond this area are 
considered significant. The resistivities at the left end of the sample 
close to the zero location could not be measured because of a restraint in 
the construction of the equipment. 

The local resistivities for the flight and ground-control sample 
as well as for the In-Bi matrix Itself are plotted In the upper part of Fig. 3. 
The zero location refers to the cold end of both materials. It may be 
noticed that the resistivities of the two samples are quite different 



COLD END 





from each other and are not constant over the length of the samples. 
Essentially the same results were obtained when the direction of the current 
i\cu was reversed. Measurements were also made with the positions of the 
£3. pie ends in the holder reversed and showed no effect on the shape of 
tie curves. 


The interpretation of the experimental results in terms of a 
ch nge in the distribution of the tungsten particles can be excluded because 
th resistivity curves for the two samples are much higher than the expected 
v£ uue of 18.4 yficm. The average resistivity for the flight sample is even 
higher than that of the ground- control sample, and larger than the resistivity 
of the pure matrix itself. The fact that the resistivity is close to the 
resistivity of the pure eutectic leads to the conclusion that part of the 
current is shielded from penetrating the highly conducting tungsten particles. 
This effect could, for example, be caused by an oxide layer on the spheres 
or by partially nonwetting conditions during the melting process of the eutectic. 
If the W-particles were completely insulated from the matrix by an oxide 
layer, the expected resistivity of the composite would be 53.3 yficm. 

After discussion of these results, we, indeed, learned of the 
existence of oxide layers on the copper-coated tungsten spheres, and from 
the existence of approximately 2 vol.% of voids in the flight sample. The 
presence of voids in the flight sample explains the higher resistivity when 
compared with the ground- control sample. For these reasons, a quantitative 
analysis of tie particle distribution with the resistivity technique was 
not possib!.e. 
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III. Resistivity qf . In - Bi... All o ys 

1 . BACKGROUND 

The accuracy of fhe local resisitivity measurements could 
not be increased beyond 1% because of a drift in the voltage signal dur- 
ing the 30 min measuring cycle. The changing signal was obviously caused by 
changes in the sample temperature. However, there was no phase correla- 
tion between the resistivity and the sample temperature as usually is the 
case for metals. An example of the time -dependent resistivity of eutectic 
material (66.3 W.% In and 33.7 W.% Bi) when suddenly cooled from 35.6 “C 
to 23 “C is shown in Fig. 4. The steep decrease of the resistance at t = 0 
is due to the temperature change. However, the long tail section which 
is still not constant even after 30 hrs is usually not observed for metals. 
During this period of time, the eutectic material is obviously approaching 
its new thermodynamic equilibrium composition for the lower temperature. 
According to the phase diagram (Fig. 5), the relative composition of the 
eutectic should change such that a -In transforms into the compound In 2 Bi, 
which transformation can be monitored by resistance measurements. 

In the following section, we will report about the resistivity 
measurements made on the individual components which form the eutectic 
material. No previous data were available and, therefore, the measurements 
represent a rather complete information about the electrical properties of 
single and two-phase In-Bi alloys. 

The phase diagram of In-Bi has been investigated by several 
authors [8,9] and a comT^osite of the results is given in Fig. 5. It 
is generally well established [10,11] that the three stable intermetallic 
phases (In 2 Bi, In 5 Bl 3 and InBi) occur in the system at room temperature. 

In addition, it has been shown that metastable phases can be prepared 
by quenching [10] or high-pressure [12,13] techniques. Our results will 
be correlated with the presently-known phase diagram and, in certain areas, 
will supplement the hitherto available data about phase boundaries. 
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2 . SAMPLE PREPARATION 

Polycrystalline ingots of the composition Ini_xBix were cast 
from high purity (99.999%) indium and bismuth pellets. The corresponding 

composition was weighed and melted on a hot plate in a clean pyrex beaker 
in air or under silicone oil. Samples were cast in a cylindrically-shaped 
graphite mold. From the ingots, a cylindrical piece of 7 mm length and 7 mm 
diameter was cut and used for superconductivity as well as density [14] measure- 
ments. 


The remaining material was used to fabricate short pieces of 
wire with a diameter of 0.55 mm for the resistivity measurements. For this 
purpose, a suitable amount of material was again remelted and then sucked 
into a pre-heated teflon capillary of 0.55 mm diameter. An approximately 
2 cm long flawless piece of the filled capillary was then selected and four 
potential leads were attached with solder having the same chemical composi- 
tion as the specimen. This precaution was taken to avoid contamination of 
the samples by Sn or Pb from the common solder. All electrical connections 
were protected by a water resistant coating. 


3 . ELECTRICAL MEASUREMENTS 

To determine the resistance of the wire, normally in the range 
of 10 ^ Ohms, a current of 200 mA (stabilized to within 1 part in 10^^) was 
passed through the sample and the resulting potential was measured with a 
sensitive digital mlllivoltmeter. The relative potential determinations 
were accurate to within 0.2 yV corresponding to an accuracy of 10“^ Ohm in 
resistance. With this experimental setup, changes in the resistance as 
a function of temperature or time of 1 part in 10^ could be detected. 
However, the absolute values of the resistivities for the different mate- 
rials are accurate to 2% due to uncertainties in the wire diameter and 
distance of potential leads. 
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T^ie wire resistance was either measured as a function of '' 

temperature or as a function of time, when the sample was plunged directly ■ 

from one conitant temperature water bath Into another one of different 
temperature. Due to thermal lag, the first good voltage reading was ob- 
tained after about 10 sec. Temperature measurements were made with a cali- 
brated platinum thermometer with an accuracy at room-temperature of 0.2 °C. 

For the superconductivity measurements, the cylindrical samples 
were placed in the center of a symmetrical pick-up coil and the a-c inductance 
of the coil at 1 kHz was recorded during cool down or heating [15] . The inductance 
was measured in a bridge circuit with a lock-in amplifier as a detector. A 
calibrated Ge-resistor attached to one face of the sample served as a ther- 
mometer for the low temperature investigations. 


4. RESISTIVITY OF PURE In AND Bl 

The resistance R of pure metals with a periodic lattice 
is due to the interaction of electrons with phonons or lattice imper- 
fections. On the basis of Bloch’s theory that the electron waves move 
in an electrostatic field having the periodicy of the crystal lattice, 
Griinelssen [16] calculated the temperature dependence of the resistivity 
p (T) . In the integer expression obtained by Grunelssen, two extreme tempera- 
ture ranges will have a simple temperature-dependent resistivity: 


p « t5 

(T « 0) 

(1) 

P a T 

(T » 0). 

(2a) 


Here, 0 is a characteristic temperature for the particular metal which is 1 

i 

close to the Debye temperature of the specific heat. Whereas, at low tempera- 1 

.} 

tures, the quantization of the different modes of the lattice vibration is | 

5 ^ 

important and leads to a T behavior,* it is possible at high temperatures l 

to neglect this quantization and treat the vibrations classically [17]. Then, j 

the probability of a collision of an electron with the lattice is propor- 
tional to the mean square amplitude of the lattice displacement, (x^)ave’ ? 

which, in turn, is again linearly dependent on the absolute temperature. 



- 15 - 


the atomic mass M, and the Debye temperature 0 as given: 

P ~ (*^)ave. - T/MG^. (2b) 

The theory, applied to real metals gives very good agreement 
in some cases [18] (Cu, Au, Al, Na, Pb), however, deviations are common 
in other metals (Ni, W) [18,19]. 

The extent to which the pure materials In and B1 and the 
compounds of the system In-Bl fit into this relationship is demonstrated 
below. 


Fig. 6 contains the high temperature resistivity (o > 109 K) 
measured on a 99.99% pure In-wlre. The value of the resistivity at 0 ®C 
(8.14 pficm) agrees very well with the data (8.19 pSicm) published else- 
where [20]. The ratio of the resistance at room temperature (RT) to the 
resistance at 4.2 K for this sample was 5100, reflecting the high purity 
of the material used. It may be seen from Fig. 6 that the shape of the 
resistivity curve shows a slight deviation from linearity, not accounted 
for by Equation 2b. To demonstrate this deviation and to compare our 
results for In with materials showing a linear relationship (Cu, Au, Pb, 

Bi) , a plot of the temperature dependence of the resistivity in reduced 
coordinates T/0 is shown in Fig. 7. We recognize that at about 200 K 
(T/G = 2) deviations from Equation 2b occur. The Debye temperature G for 
In was taken from Ref. 20. Measurements on pure bismuth and specific 
characteristic data arc listed in Table 1. 

Deviations from the proportionality of the resistance with 
absolute temperature at temperatures below the melting point have been 
explained by Mott [21] as caused by changes in the Debye temperature as 
a result of thermal expansion. As the metal expands, G decreases, leading to 
an increase in the resistivity according to (2b). Indeed, the thermal 
expansion coefficient of In at room temperature is three times that of 
copper or gold [20]. 






Fig. 7. Temperature dependence of the resistivity for In in reduced 
coordinates in comparison with other metals [18]. 






Values In brackets refer to a metastable composition 
*Data obtained on quenched samples 

(1) Sample #1 

(2) Sample #2 
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The variation of the resistivity for T > 0 can be expressed 
more adequately for Indium by the empirical relationship 

p = Pq + aoT” (3) 

with a^ = 0.00737 pOcm K“^ and n = 1.27. The material constants a^ 
and n can be taken from Fig. 8 which is a plot of the experiiL^atally 
obtained resistivities as a function of temperature using a logarithmic 
scale. Eq . ition 3 holds in a temperature region from 140 to 335 K with an 
accuracy of better than 1%. Since this relationship can be applied only 
for T > 0 , the value of Pq » which is very small, will be neglected in our 
considerations. The data for pure Bi had to be omitted from Fig. 8, but 
the corresponding values are: a^ = 0.477 pficm and n = 0.97 (Table 1) , 
demonstrating a nearly linear resistivity behavior. The constant is 

a factor which depends upon the detailed nature of the band structure, the 
Debye temperature, and the atomic mass of the sample. It was found during 
the course of this Investigation that this exponential relationship does 
not only hold for . n and Bi but also for the a-phase and the Intermetallic 
a ..pounds of In and Bi. Therefore, with this relationship, the resistivities 
of the different In-Bi phases can be uniformly compared with each other. 

Using Equation 3, the temperature coefficient of the resistivity 

a becomes 


a 


p dT 


For most metals, a value of o = 0.004 

can be seen from published data [20] and 


n 

T 


(4) 


K~^ is generally found at RT, as 
from Table 1. 









t 



-21- 

5. kESISTIVITY OF THE INTERMETALLI C COMPOUNDS^ IN2 Bi> 

In5Bi3> Ii^di 

In alloy systems v’lth Intermediate phases, the variation of 
the resistivity with composition is very complex. Each phase has its own 
electrical behavior, depending on composition, lattice structure and band 
structure [22]. Since a new lattice periodicy is. existing which may not be 
the one of the pure constituents, the resistivity normally will vary within 
the limits of the elementary constituents. 

The temperature dependence of the resistivity for the three 
intermetalllc compotmds, In 2 Ei (hexagonal), In 5 Bi 3 (tetragonal), and InBi 
(tetragonal) , has been measured and the results are shown in a logarithmic 
plot in Fig. 9. The data iu a certain temperature region for T>0can indeed be 
fitted with Equation 3 and small deviations occur close to the melting 
temperatures. From this graph, the values of n and a^ .’ere determined 
and are given in Tables 1 and 2, together with the temperature tange for which 
exponential fit is useful. With the exception of ^ 5813 , the resistivities 
at room temperature increase nearly proportionally with the Bi content in 
the compounds and vary over the wide range from 9.1 to 120 piicm. In 5 Bi 3 
does not fit in this pattern because of its very high RT value of the 
resistivity, the narrow temperature range of the exponential fit, and the 
very small exponent of n = 0.2. With the exponent n being an indi- 

cator for the conducting mechanism, In 5 Bi 3 seems to be closer to semi- 
conducting behavior than the III-V compound InBi, where semiconducting 
properties could be expected [23]. It must be noted, however, that the 
results on In 5 Bi 3 are preliminary and were obtained on a single sample. 

A confirmation of these measurements on more than one sample is desirable. 


6. RESISTIVITY OF “-PHASE (“-In) 

Thermal analysis data indicate [9] that the face centered 
tetragonal (fct) indium lattice can dissolve up to 7.1 W.% (4.0 At.%) Bi 
at 25 °C, forming the a-phase. The solubility is temperature dependent 
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and at 72 ®C, the maximum amount of In atoms which can be substituted 
by Bi atoms is 20.5 W.% at.% (see Fig. 5). This high solubility implies 
that of every eight In atoms, there is one randomly substituted by a larger 
3i atom. Such a configuration is unstable below 72 “C, and, therefore, 
the a-phase precipitates the phase In2Bi upon cooling [24]. The effect of 
supercooling of the u- phase by a few degrees is observed. The stability 
range of a-Tn from the phase diagram ror various Bi concentrations, not 
considering the effect of supercooling, is given in Tabic 2 

We have measured on four samples with Bi concentrations (5, 10, 

15, 20 W.%) the temperature dependence of the electrical resist: /ity. The 
results are given in Figs. 8 and 10. Two different samples of the composi- 
tion lno.8S®iO-15 were available and the individual data, which agree to 
within 1%, are plotted in the same Fig. 10. It is interesting to note the 
steady increase of p with increasing Bi concentration. In the temperature 
range of stability, the resistance curves can again be represented by 
Eq.(3) with the concentration-dependent constants Sq and n listed in 
Table 1. Noticeable deviations from Eq. (3) occur outside the temperature 
range of stability, as demonstrated on the the sample InQ .95»i0.05 
in Fig. 8. Due to superheating and supercooling effects, the range of 
stability extends by several degrees K into the metastable region before 
decomposition and deviation from linearity occur . 

On adding Bi to In, the axial ratio c/a of the fct lattice is 
Increased [9] from 1.077 for pure In up to 1.122 for Iuq .795^^0.205 The 

Bi atoms can be considered as impurity atoms in the In lattice which act 
as additional scatter centers for the electrons (R^) to the already present 
scatter at lattice vibrations (Rj^) . 

For small impurity concentrations, Matthiessen' s rule [25] states 
chat these two contribut- ns to the resistance are additive and the total 
resistance R is then composed of the two terms. 


R 


R^ + Rj^(T) or p 


Pi + P^CT). 


(5) 



* Melting temperatures 
** From Phase Diagram 


1 

1 

I 

I 

I 

I 
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ii 
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i 



inT(K) 

Fig. 10. Logarithmic plot of the temperature-dependent resistivity for the j 

resistivity for the a-phase, r 
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The term (Ri> introduced by the lattice vibrations is temperature 
dependent, whereas, the impurity term (R^) is independent of tempera- 
ture and should be proportional to the Impurity concentration for small 
concentrations. To check the extent to which Matthiessen' s rule applies 
for the experimentally obtained resistivities of the u-phase, the follow- 
ing consideration is useful. When the temperature dependent term is 
independent of the impurity concentration, then the following relation 
can be derived from Eq. (5K 



Slope values for all samples in the single-phase region are available for 
T=60“ and are listed in Table 1 . We see that at 333 K (60 °C) the slope 
of the resistivity curves for In is changed by only 6 % when up to 20 W.% 

Bi is dissolved. Although there is a weak coupling of the impurity atoms 
and the phonons, Matthiessen's rule is applicable to a-In with the accuracy 
stated. We note that dp/dT for In_,Bi 3 is close to the values for the 
c<-phase whereas the slopes for In 2 Bi, InBi and Bi are nearly a magnitude larger. 

Combining Eq. ( 6 ) and (3), we find the useful relationship 

n(a)p(a) = n(In)p(In) or n(a) = p(ln) n(In) / 

P(a; 

(T = constant) (7) 

which correlates the exponent and the resistivity for In with those for the 
a-phase. Plotting the exponents obtained for the a-phase as a function of 
1/p^ should result in a straight line with P(In)n(ln) as the slope value. 

This relation is demonstrated in Fig. 11 for a temperature of 60 “C. The 
slope of the continuous line was chosen as 13.31 yOcm according to the 
experimental data for In and, therefore, the offset of data points from this 
line is a quantitative measure for the deviation from Matthiessen's rule. 

Fig. 11 also contains the measurements for the compound In 5 Bi 3 which fit 
surprisingly well with these data. It may be concluded from this 
behavior that 105613 (tetr.) in its electrical properties is similar to 
the isostructural a-phase and may be considered a stabilized continuation 
of the solid solution phase. 






Above, we have related the resistivity of the a-phase with 
the exponent n, using Matthiessen's rule. A correlation of the resistivity 
with the concentration of B1 is possible on the basis of considerations by 
Nordheim [26]. He finds that, at a constant temperature, the resistivity p(a) 
is proportional to the concentration product of the two partners. If x is 
the concentration of Bi in W.% and (1-x) the concentration of In, then the 
resistivity should follow as: 


Pc( = Pin + bx(l-x) (8) 

where che constant b has the value 123 yfi cm at 60 ®C. 

The a-phase, up to the solubility limit of 20.5 W.%, follows 

the proposed relationship as we can see from Fig. 12, where (Pa ~ Pin)/(l*x) 
is plotted as a function of concentration at 60 “C. The experimentally 
obtained resistivities are compared with the expected resistivities from 
Eq. 8 in Table 4. It may be noted that the linear fit of the data is best 
when the Bi concentration on both axes is expressed in weight %. The resis- 
tivity increase for indium by the solution of small bismuth concentrations 
is found to be 2.22 yOcm/at.%. 

7. RESISTIVITY OF TWQ-PHASE ALLOYS (^-In + In2Bi) 

According to the In-Bl phase diagram, there are four concentra- 
tion regions at 25 °C in which two different phases co-exist with each other: 

I a-In + In';Bi | In2Bi + 105513 | 105513 + InBi | InBi + Bi j 

The most interesting phase combination, considering the electric properties, 
is the region a-ln + In2Bi because of the temperature-dependent solubility 
of In2Bl in the a-phase. A temperature-dependent solubility causes the 
relative amount of the two phases to change with temperature, whereas, in 
the remaining three concentration ranges, this is not the case. In the 
following, we will discuss the results obtained on alloys, including the 
eutectic composition, consisting of a-ln and In2Bi. 
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These compositions are nominal and are derived from the weights of the constituents. 


TABLE 4 


CONCENTRATION DEPENDENT RESISTIVITY OF a-In AT T - 333K 


Calc. 

B1 Concentr. , x Resistivity* 
(w.%) (yncm) 


0 

10.58 

5 

16.42 

10 

21.65 

15 

26.26 

15 

26.26 

20 

30.26 

52.2 

41.15 


(ln5Bi3) 


* for b = 123 ii52cm [p(Bi) ■ 4 ,j3. ^ 

** for b = 128 n^cm [p(Bi) = 138.6 


Calc. 

Resistivity** 

(wOcm) 

Experimental 

Resistivity 

(pOcm) 

10.58 

10.58 

16.66 

16.83 

22.10 

22.62 

26.90 

27.16 

26.90 

26.87 

31.06 

30.99 

CM 

• 

92.82 


yOcm] 
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In order to get reliable data for those materials, the 
two phases have to be In thermodynamic equilibrium with each other and 
the achievement of this condition Is a function of time. We were able 
to follow the approach to equilibrium conditions by measuring the time depen- 
dence of the resistance and, after gaining knowledge of the analytical function 
for this behavior, could extrapolate the resistivity to t = ■». These 

studies are further explained in a later chapter (IV). Such extrapolated 
equilibrium values are used In Fig. 13 which contains the resistivities 
at T ■ 25 “C for the two-phase alloys as a function of the overall B1 

concentration. The data of Fig. 13 are also listed in the first column of 
Table 3. Since the two-phase region is terminated by the single-phase 
alloys a-In and In 2 Bi, all properties of the two-phase region have to start 
and to end with the properties of each single-phase material. Therefore, 
the cusp in the curve at 7.2 W.% Bi reflects the phase boundary for the 
a-phase at 25 °C. 

Fig. 13 a so contains a dashed line representing the resistivities 
for metastdble (supersaturated) a-phase. These resistivities can be obtained 
either from Eq. (3) when the extension in the metastable range is made, or 
from experimental readings when the a-phase is quenched from a high tempera- 
ture to 25 °C where it is stable for some seconds before the precipitation 
of ln 2 Bl occurs. It may be seen from this figure that of two samples with 
the same Bi concentration, the resistivity of the two-phase alloy is always 
lower than that of the single-phase material although the resistivity of the 
precipitated compound is appreciably higher than chat of the a-phase, Mea- 
surements of this kind could be useful in determining the electrical s'^itch- 
Ing (parallel or series) of the precipitated phase. Similar curves to the 
ones in Fig. 13 are obtained when different equilibrium temperatures are 
chosen. 


With the BI concentration left constant, '.he equilibrium resistivity 
has been measured at several temperatures, usually between 0 “C and 60 ®C. 

The temperature could not be chosen too low because then the adjustment to 
the equilibrium composition becomes Increasingly slow. For example, con- 
sider the eutectic material (33.7 W.% Bi and 66.3 W.X In) where it will take 




I 

I 

I 


Fig. 13. Concentration dependence of the resistivity for the two-phase 
alloys (a-In/In 2 Bl) at 25®C. The dashed line is for the meta- 
stable a-phase at this temperature. 
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approximately 90 hrs. at 0 °C to achieve 95% of the equilibrium composi- 
tion, whereas at 24 ”0, equilibrium (95%) will be achieved in only 9 hrs. 

The equilibrium resistivities were used to determine graphically 
the values of dP/dT at 25 °C which are listed in the second column of 
Table 3. It is remarkable that the slope for these two-phase materials - 
because of the temperature -dependent solubility - are four to five times 
larger than those for single-phase materials, listed in Table 1. This 
increased temperature sensitivity of the sample resistance makes an 
accurate potential measurement difficult for very long elapsed times and 
requires a high degree of temperature stability of the water bath. Typically, 
the RT resistivity changes by 0.5 to 1% of the measured resistivity for every 
degree change in temperature. 

Multiplication of the slope values with 1/p gives the tempera- 
ture coefficient a for the two-phase material. Also listed in Table 3 
are the "hypothetical" values for the exponents n and the constants a^ 
derived from knowledge of a and with Eq. (3). Although there is no obvious 
justification available for doing so, the agreement of the results obtained 
is quite encouraging. Using RT data to compute the constants for Eq. (3), 
the calculated and measured values for p at 0 °C can be compared, which is 
done in the last two columns of Table 3. The agreement of the resistivi- 
ties is better than 1%. 


3 . ELECTRIC MODELING OF TWO-PHASE ALLOYS 

Very often it is desirable to estimate the resistivity of a two- 
phase alloy when the resistivities of the individual components are known. 
As a first approximation, the weighed average of the resistivities on a 
volume basis is recommended [27]. The difficulty in obtaining a better 
approximation lies in the fact that the switching characteristics of the 
second phase (percentage of parallel and series connection) is not known. 
The extreme cases would be that all the particles of the second phase are 
connected either in series or in parallel. The true value for the resis- 
tivity will lie somewhere in between. 



A better approach to this problem will be the application of 
the composite resistivity model obtained in Chapter II, 2. Since the 
equilibrium resistivities of the two phases are available, we can demon- 
strate the quality of the model by the degree of agreement we obtain with 
the experimental data. These resistivities are listed in Table 5 for 
several two-phase In-Bi alloys. Also given are the extreme values for 
serial and parallel connection of the second phase. The data of Table 5 
are Illustrated in Fig. 14. Considering the small amount of data put into 
the model, the agreement with the experimental resistivities is good and is 
within the scatter of the data obtained. 


9 . THE DETERMINATION OF THE “-PHASE LINE BY RESISTIVITY 
MEASUREMENTS 

The a-phase line in the phase diagram (Fig. 1) can be determined 
with resistance measurements by cooling a sample of a-In with fixed composi- 
tion slowly through that critical temnerature region. When the phase line is 
crossed, precipitation of In 2 Bi occurs which is associated with a change in 
slope of the resistance temperature curve. However, the supercooling of the 
a-phase delays precipitation of In 2 Bi. This effect can be eliminated by 
cooling the sample sufficiently below the supercooling temperature and sub- 
sequently performing equilibrium measurements at increasing temperatures. 

A series of such measurements on the sample InQ ^BIq ^ is shown 
in Fig. 15. The decomposition temperature of 312 K (39 °C) can be derived 
from the data. Similar curves are obtained for a- In with 15 and 20 w. % Bi, 
leading to critical temperatures of 325 K (52 °C) and 341 K (68 °C), 
respectively. 

Here is another opportunity to check if Eq. (3) is applicable for 
two-phase materials. For a-In, the temperature dependence of the resistivity 
in the single-phase region is given by Eq. (3) with the constants listed in 
Table 1. The resistivities in the two-phase region may be expressed by the 
same equation but with different constants listed in Table 3. The tempera- 
ture at which the two resistivity curves Intercept will be the critical 
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TABLE 5 


i 

j 

■ M 

THE ELECTRICAL 1 

Designation 

(w.%) 

RESISTIVITY OF TWO-PHASE ALLOYS OBTAINED FROM DIFFERENT MODELS 

(T = 25 “O 

Serial Parallel Cubic Exp. Equil. 

Cone, of oin Connect. Connect.! Unit Cell* Resistivity** 

(vo].%) (pQcm) (yficm) (pfiem) (pi2cm) 


^"0.928®^0.072 

100 

17.79 

17.79 

17.79 

17.79 

« • 

Ino.9oBlo.10 

93.68 

20.06 

18.58 

18.63 

18.6 


1 

^"0.85®^0.15 

82.12 

24.23 

20.21 

20.48 

21.3 


^"0.8oB^0.20 

70.19 

28.52 

22.22 

22.85 

22.6 


Ino. 75 Bio .25 

57.87 

32.96 

24.78 

25.82 

26.4 

r 

^^0.663®io.337 

35.41 

41.05 

31.34 

34.68 

33.9 


^"0,55®^0.45 

4.32 

52.24 

49.47 

50.04 

49.2 


^®0.535Bi0.465 

0 

53.80 

53.80 

53.80 

53.80 



t Also referred to in literature as "weighed average." 

* The second phase is assumed to be dispersed in cubic form. 
** Experimental data obtained by extrapolation to t = “>• 

i 

Serial Connection — 


Parallel Connection 


Unit Cell Connection 
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temperature for decomposition. The following temreratures are then calcu- 
lated: 316 K, 328.5 K and 348 K for the three Bi-concentrations mentioned 

above. The agreement is good regarding the accuracy of 1% with which the 
exponents n are determined. 



SAMPLE VOLTAGE (mV) 
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Fig. 15. The determination of the a-phase boundary by resistivity measurements. 
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IV. Adjustment to Thermodynamic Equilibrium in Two-Phase 
In-Bi Alloys 

1. EUTECTIC ALLOYS 

The eutectic alloy is a two-phase material composed of a-In 
and In 2 Bl. Since the Or-phase has a temperature-dependent solubility limit 
for bismuth or In 2 Bi, the relative composition of the two phases in the 
alloy is dependent on temperature. For some common temperatures used in 
this investigation, the concentrations of both phases are listed in Table 6, 
along with the solubility limit for a-In. These quantities are calculated 
from the phase diagram. 


TABLE 6 

TEMPERATURE DEPENDENT COlffOSITION OF In-Bi EUTECTIC MATERIAL 
(66.3 w.% In - 33.7 w.% Bi) 


Temperature 

Bi-conc. in 
a-phase 

Relative 

a-phase 

Amount of 
In2Bi 

(K) 

Cc) 

(w.%) 

(w.%) 

(w.%) 

322.3 

49.3 

12.8 

38.0 

62.0 

308.6 

35.6 

9.7 

35.2 

64.8 

297.0 

24.0 

6.9 

32.4 

67.6 

273.0 

0.0 

3.4 

29.7 

70.3 


Upon cooling of an eutectic alloy from 35.6 ®C to 24.0 ®C, the 
relative composition of the sample should change according to the values 
listed in Table 6. This compositional change implies that 2.8 w.% of the 
phase In 2 Bi will be formed from a-In at 24 "C. The compound formati.on 
is a thermally activated process and requires ' certain time for its 
completion. Since the resistivities for the two phases differ by a con- 
siderable amount, it is possible to follow the adjustment to the new 
equilibrium composition by resistivity measurements. 
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If no time-dependent change in composition occurs, the sample 
may be in a "frozen" state and behaves electrically like a single-phase 
material. 


The change in resistance as a function of time for the first 
10 minutes of an experiment in which a sample was rapidly cooled from 
35.6 “C to 23 ®C is shown in Fig. 4. It can be recognized that the cooling 
curve consists of two parts. First, there is a rapid drop in resistance 
caused by the sudden change in temperature. It was determined that the 
time required for the sample to adopt the new temperature was 5 to 10 
seconds, depending on the temperature difference. Secondly, there is a 
gradual decrease in the resistance with time after the material achieved 
the constant temperature of the bath. This effect can be attributed to 
the adjustment towards the new equilibrium composition at 23 “C. The 
decrease in the resistivity can be observed for days or even weeks until 
the sensitivity limit of the Instrumentation is reached. 

In the following, we will describe analytically the time 
dependence of the resistivity. The changes in resistivity caused by the 
growth of a second phase may be expressed by the Avrami equation [28]. 
Adjusted to our needs, the following relation can be applied; 

Po-P 

Ap = — 3 — = 1 - exp (-bt®) (9) 

Pq Pro 

where 

t = time 

P = resistivity at t =0 

Poo = resistivity at t = “ 

b = a reaction constant 

m = a constant which depends on the nucleatior and the 
geometry of the growing particles 
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For t = 0, we obtain AP * 0 and for t = ®, AP = 1 results. The 

extreme conditions show that only relative changes in the resistivity are 
considered. 


The limiting resistivities were determined as fellows: can 

be obtained by extrapolating the first readings after 10, 15, 20 and 30 
seconds to t = 0. At room temperature (small reaction rates), this could 
be achieved by a linear extrapolation. For higher reaction rates, the 
linear extrapolation pr'ved not to be sufficient and a best curve was then 
drawn through the data points. The value for was estimated by a 
logarithmic extrapolation of the readings obtained after several days into 
the experiment. By this method four to five decades in elapsed time were 
covered. 


Knowledge of and Pc after completion of the isothermal 

reaction gc.ve the AP as a function of time. Plotting log In — as 

1-Ap 

a function of log t satisfies Eq. (9), and a straight line will result 
with the slope m when the Avraml equation is applicable to the process. 

Fig. 16a shows the experimental readings for the isothermal 
reaction at 23 °C, when plotted in the reduced coordinates. It may be 
noticed that the precipitation of In2Bi occurs immediately with no 
induction time required. The first reading (35.30 ySlcm) obtained at 
t = lU sec is located on the straight line and differs from the extrapo- 
lated Pq by only 0.07 pOcm. The linear relationship with m - 0.57 is 
followed within three decades of time, until 70% of the equilibrium 
resistivity reading is reached after approximately 100 min. Then, a 
marked deviation from Avrami's relationship occurs. This deviation has been 
observed on many samples and the reason for this effect is not yet known. 

The change in slope occurs when the sample is about 70 to 80% close to p„ 
and indicates a much slower reaction rate. Measurements after such long 
elapsed times, where only an additional 10% change in resistivity can be 
expected, are very difficult to make because of the required long time 
stability of the instrumentation. Therefore, we will be mainly concerned 
with the first 50% change in the resistivity. 
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The adjustment to the equilibrium compusiton may be studied at 
several temperatures and then the curves shown in Fig. 17 are obtained. 
Heating or cooling the eutectic alloy to a new f'quillbrium temperature 
can be expressed by the same formalism. The slope of the lines is 
approximately the same with a value of m * 0.59 and a mean deviation 
of 8%. The time at which the relative resistivity Ap passes 50% will be 
called tjy;. This time is a measure for the temperature-dependent rate 
of the precipitation. Reaction rates are markedly slower at 0 ®C than at 
higher temperatures. Since the precipitation is a thermally activated 
process, connected with the temperature by the Arrhenius- 

type equation [28] : 


tj /2 = C exp(-qZkT) (10) 

where C is a constant, containing explicitly the frequency of the lattice 
vibrations and q is the activation energy for the volume diffusion of 
bismuth in indium. From Fig. 18, an activation energy of 0.73 eV/atom or 
17 kcal/mole can be calculated from the averaged slope. There is con- 
siderable scatter in these data for the narrcr-’ temperature range available 
and, therefore, the error In the activation energy is in the order of 20%. 

An experiment was performed to investigate the adjustment to the 
equilibrium composition at -78.5 ®C, the temperature of dry ice. When at 
equilibrium at this low temperature the a-phase will contain only approxi- 
mately 0.06 at.% Bi dissolved and could be considered as pure indium. 

On the other hand, the precipitation rate is expected to be very small, 
making the determination of the half time practically impossible. 

Two eutectic samples were used: one, brought from room tempera- 

ture equilibrium and the other from 0 “C equilibrium to -78.5 "C. In 
both case^, a change in resistivity with time was observed over a period 
of one indicating the formation of In 2 Bi even at this low temperature. 

The evaluation of the data, however, presented difficulties because of the 
unknown value for p^. This parameter is needed for the plot of the rela- 
tive resistivity with the Avrami equation. When we estimate P„ being 






Fig. 17. Time dependence of the scaled resistivity for eutectic alloys 
at various quenching temperatures. 
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Fig. 18. Plot of the half-times of Eq. (10) vs. 1/T for In-Bi eutectic 
J alloys. 
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16.4 yQcm using Eq. (3), a slope value of m = 0.35 and a half time 
of 47.8 years will be obtained. 

No adjustment to thermodynamic equilibrium was found at 77 K, 
the temperature of liquid nitrogen. 


2 . OFF-EUTECTIC ALLOYS 

The eutectic mac^rial is distinguished from other binary alloys 
by having the lowest melting temperature. This fact is represented in the 
microstructure of these alloys. Whereas a eutectic structure contains only 
systematically alternating regions of the two solid phases, an off-eutectic 
structure contains additional islands of either a-phase or ln 2 Bi (Fig. 16b, c). 
This structural difference may very well h:.ve an influence on the precipi- 
tation behavior of In 2 Bi. 

We have cooled various off-eutectic alloys, the thermal history 
of which is schematically shown in Fig. 19, from room temperature to 0 “C 
and followed the adjustment to the new equilibrium composition at 0 ®C by 
rp'^istivity measurements. The Avrami-type equation could again be applied 
to the data and the results are plotted in reduced coordinates in Fig. 20. 

It can be seen that the materials with different Bl-concentrations behave 
uniformly and that the slope value (r=0.43) seems to be independent of the 
bismuth concentration. The half-times are very much the same, the only 
exception being the alloy Ioq ^BIq 

After this set of samples had been kept and data had been taken 
at 0 **C for five weeks, they were quenched into room temperature water of 
24 °C and the change in resistivity was followed again as a function of 
time. The chtiracteristic values for the slope la as well as the half-time 
tj ^2 listed in Table 7. The data for a repeated cooling to 0 °C (3 weeks) 
with a subsequent quench to room temperature for a check of reproducibility 
are also contained in this table. 









Frg. 19. Schematic drawing for the cooling and heating cycles performed 
on samples with various Bi concentrations of the subsystem 
In-InoBi. 
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table 7 

SLOPE VALUES, HALF-TIMES AND RESISTIVITIES OF TWO-PHASE ALLOYS 
CYCLED BETWEEN 24 AND 0 "C 


Sample Compo- 
sition (W.%) 

ino.90 
Bio. 10 

inO.85 

®^0.15 

ino.80 

®i0.20 

inO.75 
Bio. 25 

InO.663 
Bio. 337 

ino.55 
Bio. 45 

24 ^“0 *C 

m 

0.45 

0.43 

0.425 

0.425 

0.68 

0.67 


2200 

270 

330 

270 

270 

160 

(pficm) 

14.80 

17.10 

18.59 

1 

21.80 

28,95 

j 

45.00 

0^-24 "C 

m 

0.58 

0.49 

! 

0.48 

0.47 

0.61 

0.47 

ti/2 (®in.) 

200 

71 

46 

50 ’ 

40 

28 

(pQcm) 

18.15 

20 ,76 

22.48 

26.20 

33.68 

49.15 

24-^0 “C 

m 

0.51 

0.46 

0.44 

0.47 

0.53 

contacts 

tj^2 

1300 

400 

280 

330 

500 

defect 

(yncm) 

15.03 

17.10 

18.65 

21.91 

29.05 


0->-24 “C 

m 

0.58 

0.52 

0.59 

0.57 

0.59 

0.54 

tj/2 (win*) 

150 

56 

140? 

25 

40 

20 

(pficm) j 

18.10 

20.68 

22.2 

25.85 

33.50 

49.59 


From all the isothermal measurements, the following conclusions 
can be drawn: 

1. The Avrami equation can be applied to the data up to at least 
AP = 95%. However, a deviation from linearity is noticed for 

eutectic samples. The reason for this behavior should lie in 
the different microstructure of the eutectic alloy. 


•f 

) 


{ 


2 . 


The observed slope values of m range from 0.68 to 0.42. The 
slopes larger than 0.59 (3 cases) are always associated with 
eutectic or trans-eutectic (Iuo.ssBIq ^ 5 ) materials. For off- 
eutectic compositions between 10 and 25 w. % Bi, the slopes are 
found between 0.59 and 0.42 (17 cases) with a probable dependence 
on temperature but not on Bi-concentration. 

3. The reproducibility of the data is not too good as can be seen 
from Table 7 and is most likely caused by microstructural changes 
in the samples due to thermal cycling. There is only a fair 
reproducibility of p„. Since the precipitation and disappearance 
of In 2 ’*i is a dynamic effect, it may well be that the obtained 
results weakly depend on the thermal history of the material. 

We have shown the feasibility of following the isothermal pre- 
cipitation of In 2 Bi from alloys by means of resistivity measurements. It 
is established that even at -78.5 °C the two-phase alloys are not in a 
"frozen" state. The precipitation proved to be a thermally activated process 
and the activation energy could be determined with those experiments. The 
precipitation of a phase always involves the process of nucleation and 
growth by diffusion. Since, in all cooling or heating experiments, the 
phase precipitating was already present in the microstructure of the alloy, 
the effect of nucleation seemed obviously less dominant than the mechanism of 
growth. It is known [28] that the time dependence of the resistivity can be 
used to draw conclusions about the geometry of the growing particles. How- 
ever, since microscopic studies of the two phase structure of the alloys 
have not been undertaken, the discussion of this topic will be reviewed. 


3 . THE DECOMPOSITION OF SUPERSATURATED a-pHASE 

The decomposition of supersaturated a-phase as an example for a 
solid state reaction is demonstrated on a sample containing 85 w.% In. 
According to the phase diagram, the a-phase for this composition is stable 
between 92 and 58 °C, and its temperature-dependent resistivity has already 
been discussed. Below 58 ®C, the material decomposes in a-phase and In 2 Bl. 
The sample used had a sligltly lower critical temperature of decomposition 
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We have quenched this sample from the single-phase region (65 “C) 
repeatedly to various temperatures below the solvus line into the two-phase 
region as indicated in Fig. 19. The precipitation of In 2 Bl was monitored 
by resistivity measurements. Unlike the off-eutectic samples described 
earlier, this sample contained no second phase at the starting temperature 
and, therefore, the formation of critical size nuclei and their Isothermal 
growth will be observed with the changing resistivity. 

The measured voltage drop as a function of time for different 
decomposition temperatures is plotted in Fig. 21. It may be noticed that 
after a temperature-dependent induction (holding) period, the resistivity 
decreases faster than linear. The induction period exceeded 3 hrs. for the 
temperature of 47.0 and 47.9 °C. It is assumed that during this holding 
period, the nucleation of In 2 Bi clusters occurs, whereas for higher values, 
the growth of the particles is reflected. The number of clusters (nuclei) 
formed per unit time increases with the temperature difference AT, the amount 
of supercooling. 

It is Indeed surprising that all the resistivity readings could 
again be fitted to the Avrami equation at least up to Ap = 50%. The results 

are shown in Fig. 22. We can see from this graph that a AT of only 17.6 “C 
Induces a very high reaction rate and causes that at 34.4 °C after only 1 min, 
50% of the eventual change in resistivity has already occurred. It can be 
stated from these data that after 10 min, the sample is essentially (99%) in 
its equilibrium state. For even larger AT values, the reaction rate will 
eventually decrease again but we were not able, due to the thermal lag of the 
sample, to demonstrate this behavior. What cannot be seen from the plain data 
(Fig. 21) is the fact that the exponent ra shows a strong dependence on the 
temperature difference AT. This temperature dependence of m is separately 
demonstrated in Fig. 23. It is very likely that the maximum value of the 
exponent at 44.9 "C may be associated with the locus of the spinodal curve for 
this binary system. The spinodal defines for any composition a temperature 
below which a quenched alloy will decompose by segregation without the 
necessity of thermal activation. Above this temperature, segregation requires 
an activation energy which should increase with the temperature, according to 
an hypothesis by Borelius [29]. 



3.01 
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Fig. 21. The change of the voltage signal (resistance) with time after 
quenching of a-In from the single-phase region to various 
decompos. tlon temperatures. 




Fig. 22. The precipitation of In 2 Bi from a-In at different temperatures 
shown by the time dependence of the scaled resistivity. 
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Ip contrast to the results obtained for the two-phase alloys 
(eutectic and off-eutectlc structures), the half-time for the “-phase 
decreases with the amount of supercooling AT as well as with temperature. 
Further Investigation of this behavior Is needed on samples with 5, 10, 
and 20 w.% B1 to Integrate these results with existing nucleatlon and 
growth theories. 


V. Superco ndu cting Transition Temperatures of In-Bi Alloys 

1. SINGLE- PHASE ALLOYS 


The transition temperatures of various In-Bi alloys were mea- 
sured in order to correlate the superconducting properties of the materials 
with their phase status and electrical behavior. This procedure is appli- 
cable because the single-phase materials are either superconductors with 
different transition temperatures (see Table 8) or nonsuperconductors down 
to 1.5 K, the lowest temperature obtainable by us. 

TABLE 8 

TRANSITION TEMPERATURES OF SINGLE-PHASE In-Bi ALLOYS 


Composition 

Midpoint of 
Transition (K) 

Reference 

In 

3.41 

E. A. Lynton [30] 


3.40 

This investigation 

In2Bi 

5.6 

R. E. Jones [31] 


5.7 

J. V. Hutcherson [32] 


5.46 - 5.76 

This investigation 

In^Bl2 

4.1 

J. V. Hutcherson [32] 


4.2 

E. Cruceanu [33] 


4.2 

This investigation 

InBi 

< 0.5 

J. V. Hutcherson [32] 


< 1.5 

This investigation 

Bi 

< 0.005 

N. Kurti [34] 


Using the a-c Inductance technique [35] for measuring the 
superconducting transition, a single transition curve is obtained for a 
single-phase superconductor, with the change in inductance being proportional 
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to the volume of the superconducting material. The a-c Inductance technique 
makes use of the Meissner effect where a superconductor expels magiitLlc flux 
from its interior by establishing superconducting eddy currents on its surface. 
If the sample is composed of two superconducting phases with different transi- 
tion temperatures, two transitions are picked up, provided that the voltnne 
fraction of the higher phase is small. If the portion of the phase with 
the higher transition temperature exceeds a certain critical value, super- 
conducting surface currents in this phase can cover the whole sample and thus 
shield the transition of the second phase. The transition curve for such a 
sample then is like the one obtained on a single-phase material [36]. 


2 . TWO-PHASE ALLOYS 

Fig. 24 contains the measured transition temperaturei of single 
and two-phase alloys with the phase boundaries taken from reference [8,9,10]. 
The bars indicate the onset and the end of the transition, whereas a circle 
marks its half point, called transition temperature T^. There are concen- 
tration regions in which the Tj. of the samples is either sensitively dependent 
or independent of the Bi concentration. 

The transition temperature of “-In up to the solubility limit 
of 7.1 w.% at room temperature increases nearly linearly with the amount 
of Bi dissolved. It should be noted, however, that Chanln et al. [36] 
reported an initial drop in T^, of 16mK for very small Bi impurities up to 
0.5 w.% before the transition temperature shows the increasing trend. This 
behavior can be explained with the valency effect [37,38] and will be 
discussed later. 

Samples containing more than 7.1 and less than 46.5 w.% Bi are 
two-phase and composed of “-In and In 2 Bi. Due to the higher 1^, of In 2 Bi 
compared with that of the saturated “-phase, the appearance cf In 2 Bl can be 
monitored by measuring the transition temperature of alloys with increasing 
Bi concentration. This fact is demonstrated on the material Ino.qBig.l (w.%) 
which is composed mostly of oi-ln (92 Vol.%) and a smaller amount of ln 2 Bi 
(8 Vol.%). As expected, the transition is clearly split up into the transition 
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for In 2 Bi at 5.41 K and a -In occurring at 4.56 K, according to Fig. 25. 

The portion of the measured transition due to In 2 Bi Is approximately 10%. 

The same effect is true for the material Iuq g5®^0.15 containing 

20 <?ol.% In23i. For the 15 w.% Bi case, the transition to superconductivity 
is extended over the same temperature range, and the two transitions are no 
longer clearly resolved as indicated by the larger bar of Fig. 24. The Tj, 
only of In 2 Bi is observed on the sample InQ.g^^O.Z (w.%), although the alloy 
still contains both phases. The In 2 Bi phase which constitutes approximately 
35 voi.% of the alloy now obviously forms a continuous surface layer and is 
able to shield the transition of the a-phase which would occur at 4.56 K. 

Now, regardless of composition up to a Bi-concentration of 46.5 w.%, 
all samples exhibit the transition of the In 2 Bi phase only. As can be taken 
from Fig. 24, the T^. of In 2 Bi as part of the two-phase alloy is 5.45 + 0.05 K, 
the uncertainty being caused by the limited temperature stability. The T^, of 
the a-phase, if not shielded by eddy currents would be accordingly constant 
at 4.56 K. 


Peretti and Carapella [9] have determined the homogeneity range 
for the intermetv ■' lie compound In 2 Bi to lie between 46.5 and 47.5 w.% Bi. 

This region of single-phase status does not, however, include the stoichiomet- 
ric composition which would occur at 47.65 w.% Bi. We have cast five samples 
in the concentration range from 46.6 to 47.9 w.% Bi with a 0.4 w.% increment 
and measured their transition temperature. The T^. values for these alloys 
increases with increasing Bi content and reaches its maximum of 5.8 K at 
47.9 w.% Bi. This 0.3 K increase in Tj, is most likely due to improved atomic 
ordering in the compound, with the stoichiometric composition having the 
maximum T(.. The effect of ordering at tb?. stoichiometric composition has been 
observed and investigated on many compounds. We have not checked the order 
parameter in our materials nor their homogeneity or phase status; however, 
the Tq measurements can only be exniained when the homi ^.neity range of the 
In 2 Bi phase is extended. No fu.t' investigations concerning this problem 
have been made. 

According to the phase diagram, alloys in the concentration 
range between 47.65 and 52.21 w.% Bi have again a two-phase status with 
Jn23i and the line compound In 5 Bl 3 in coexistence. This fact necessitates 
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that.ln such samples, two transitions should be observed. Since the effect 
of shielding occurs again, the higher Tq of only ln 2 Bi is measured (Fig. 24). 

In the concentration range between 52.25 and 64.54 w.% Bi, the 
compounds In 5 Bi 3 and InBi coexist. Whereas, the compound In 5 Bi. 3 is a 
superconductor with a T^. of 4.2 K (Fig. 24), the compound InBi is not a super- 
conductor down to 1.5 K [4]. Alloys in this concentration region show, accord- 
ingly, only one transition at 4.2 K with the inductance signal being propcrtional 
to the amount of In 5 Bi 3 phase present in the alloy. The sample with the stoi- 
chiometric composition In 5 Bi 3 became superconducting at 4.2 K and did not show 
any indication of superconductivity at 5.8 K which would have indicated the 
presence of a small amount of In 2 Bi phase. On the other hand, a sample with 
64.08 w.% Bi whose composition if very close to InBi, showed no superconduc- 
tivity down to 1.5 K, indicating that InBi is not a line compound as published 
in the phase diagram but has at least a homogeneity range of 0.5 w.%. No 
compounds other than InBi and the element bismuth itself occur at ambient 
pressure in the concentration range from 64.54 to 100 w.% Bi. A supercon- 
ducting transition for InBi, if it should be found, would occur at less than 
0.5 K [32]. 


The semimetal Bi, with the rhombohedral structure, is a rather 
poor conductor which is not superconducting down to 0.005 K [34]. However, 
several modifications of Bi under hydrostatic pressure are known to have a 
pronounced metallic character and exhibit superconducting behavior [39]. 
Abrupt changes in the superconducting transition temperature occur for Bi 
at 25.2 kbar (Tc = 3.9 K) , at 27.0 kbar (Tc = 7.25 K) , and at 80 kbar 
(T(. = 8.3 K) . These variations in the critical temperature appear to corres- 
pond to rearrangements in the electronic structure of the crystal at the 
phase transition. Determination of this structure has not yet been 
successful [12]. 
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3 . THE TRANSITION TEMPERATURE OF METASTABLE “-PHASE 

The solubility limit for a- In at room temperature is 7.1 
w.% Bi as stated in the previous section, whereas, at 72 ®C, a maximum of 
20.5 w.% Bi can be randomly dissolved in the In lattice [9]. ct-ln with 
20.5 w.% Bi is metastable below 72 “C and we were able to retain a certain 
amount of this metastable phase by quenching small pieces of material 
(approximately 0.5 g) in liquid nitrogen. Prior to the quenching, the 
material was annealed and homogenized for several hours at 72 ®C. 

The transition temperatures for both the stable and metastable 
a-phase, up to 20 w.% Bi, are shown in Fig. 26. The increase of the T^, 
values with Bi concentration proceeds smoothly between the stable and meta- 
stable samples. In addition, the following observations should be noted. 

The sample containing 10 w.% Bi in its equilibrium state at 
room temperature showed two transitions, whereas, in the quenched state, 
it had only one transition with a halfpoint at 4.86 K. The superconductivity 
measurements exclude the presence of In 2 Bi phase (with a portion of more than 
0.2 vol.%) and, therefore, that quenched sample appears to be single phase. 

The sample containing 15 w.% Bi in its quenched state became 
superconducting at 5.43 K with only a single transition obs- 'able. So far, 

the tc value does not exclude the formation of In 2 Bi (T^. 5.46 K) during 

the quenching process. However, the transition width in the quenched alloy 
when compared with the equilibrium sample was reduced considerably and it 
can be conclude^’ that it is the T^, of the a-phase which was increased to 
5.34 K. 


Two transitions were observed in the quenched sample of the 
composition lnQgBio.2 (w.%). The first transition occurred at 5.76 K 
where 10% of the material became superconducting and the main transition was 
found at 5.44 K, caused by the superconductivity of In 2 Bi. This sample was 
annealed for 20 hrs at room temperature and when remeasured, the transition 
at 5.76 K had disappeared. 




Fig. '’ 6 . The transition temperature for stable and metastable a-In 
phase. The value for the isostructural compound In5Bl3 has 
been included and a dashed curve with the corresponding slope 
has been drawn throuah the data point. 
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More than 20.5 w.% Bi cannot be dissolved in the face-centered 
tetragonal lattice of indium without the structure becoming instable. How- 
ever, it is expected, according to Fig. 26, that the transition temperature 
of these samples would increase further if, by some means, the solubility 
could be increased further. Also, plotted in Fig. 26 is the transition tem- 
perature of the isostructural compound In 5 Bi 3 . We have stated earlier, on 
the basis of resistivity measurements, that In 5 Bi 3 seems to be a stablized 
combination of the a-phase. We have, therefore, drawn a curve with the 
same slope through this data point as it is evident on the rising side of 
the curve. With this premise, it is reasonable to assume that the a-phase 
with 30 w.% Bi would have a maximum transition temperature if it could be 
synthesized. 


We will now discuss the variation of the transition temperature 
of the a-phase with increasing bismuth concentration using the theory of 
Markowitz and Kadanoff [40]. According to their considerations, the change in 
transition temperature, caused by a nonmagnetic solute, is the sum of two 
terms, the mean-free path effect and the valence effect. As an impurity is 
added to the pure element in the concentrations of a few tenths of an atomic 
percent, the mean-free path of the electrons is shortened and the transition 
temperature of the material is simultaneously lowered. When the normal state 
electronic mean-free path is reduced to a value somewhat smaller than the 
superconducting coherence length in the pure element, the valence effect 
becomes dominant. The valence effect depends on the valence difference of 
the solvent in relation to the solute, and on the mean-free path reduction. 
Whereas the shortening of the mean-free path always results in a decrease 
in Tc the valence effect can have either sign and is the most difficult to 
represent in a simple formalism. 

The change in T^ can be fit in a number of solid solutions based 
on Sn, Al, and In [37, 38] with an expression of the form 

AT(. == 


k^x + k2xlnx 


( 10 ) 
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where x is the atomic concentration of the solute and kj^ and k 2 are 
material dependent constants. In this equation, the second term describes 
the mean-free-path effect, whertas, both mean-f ree-path and valence effects 
are contained in kj^ of the first term. For sufficiently small x, the second 
term should dominate. 


A plot of AT(,/x versus In x, as undertaken in Fig. 27, should 
yield a straight line when above considerations are applicable to the i-In 
phase. For small Bi concentrations up to 1.4 at.% (25 w.%) and using mostly 
the data of Ref. [37,41], the observed Increase in transition temperature is 
in accordance with Eq. (10). However, a marked deviation from the linearity 
occurs for Bi concentrations higher than 1.4 at.%, and the measured increase 
of Tf. is smaller than the theoretically expected value. The deviation from 
Eq. (10) may be caused by several additional effects. For example, at high 
Bi concentrations, the impurity atoms do not act independently of each other 
and their contribution to is no longer a simple additive effect. Another 
influence may be that the average velocity of the electrons at the Fermi 
surface changes stronger by alloying than is accounted for in the reduction 
of the mean-free path (42 ]. 
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THE DENSITY OF INDIUM-BISMUTH ALLOYS* 

Guenther H. Otto 

The University of Alabama in Huntsville, Physics Department 
Huntsville, Alabama 35807 (U.S.A.) 

ABSTRACT 

The density of various In-Bl alloys at room temperature was measured 
by the buoyancy technique. With increasing Bl-concentration in the alloys , 
the density increases smoothly between the values for the terminal elements 
In and Bl. No maxima occur at any of the compositions which correspond to 
the intermetalllc compounds In 2 Bl, Xn 3 Bl^ and InBi. For InBl, which is 
metallic in contrast to other semiconducting III-V compounds, a relative 
decrease in specific volume by 2.9% is found. The experimental density 
data for Bi-concentratlons up to 50 at.% may be expressed in an additive 
fashion by attributing a mean atomic volume of 33.8 to the bismuth atom 

O 'i 

instead of the conventional value of 35.4 A . The blsnuth atom, therefore, 
acts in the alloys with a density it would have at room temperature in its 
supercooled liquid state. 


*Work supported by NASA Contract NAS8-278C9 with Marshall Space Flight Center. 


Paper submitted for publication in the Journal of the Less-Common Metals. 



The density as a macroscopic property of materials Is essentially 
determined by atomic parameters such as crystal structure, lattice spacing 
and atomic mass. In a binary alloy system with continuous solid solubility, 
the density changes smoothly witn the amount of the second component (VegarJ’s 
rule); however, this behavior Is no longer necessarily the case when the 
formation of a compound occurs [1]. The rearrangement of the atoms in a 
different structure and the correlated change of the electronic bonds results 
In a volume expansion or contraction relative to the cou-itituents. '.-Ihireas 
the fomatlon of compounds between transition and non- transit ion elements 
normally results in a volur« decrease, the semiconducting III-V compounds 
like InP, InAs, InSb are characterized bv large Increases in volume [2]. 

As a rule, there exists a distinct proportionallt* between the decrease In 
interatomic distances, the change of specific volume and the heats of reaction 
In compound formation [1,3]. The use of AV data to derive changes in entropy and 
enthalpy In liquid alloy systems has been de.nonstrated by Predel and Eman [31. 

We have investigated the behavior of the density in the In B1 alloy 
system which contains several stable and metastable phases [4,5]. Consti- 
tutl;.n diagram [4,5,6] and crystal struccures [7,8,9] have been investigated 
by several authors so that we are able to exactly correlate the experimental 
densities with the phase status of the alloy. Of special interest was the 
III-V compound InBi because it is not a semiconductor and exhibits metallic 
cdiaracter [10]. The density of liquid In-Bi alloys has been investigated 
recently [3,11] and a volume increase upon alloying has been »eported. This 
volume expansion is exactly the trend one would expect for a semiconducting 
alloy system. 
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Smble^Peeraraii on., and.. J^Irasur i ng .Ifchnio.ues. 

Polycrystallinc samples of various compositions were pre- 

pared from high purity (99.999Z) indium and bismuth pellets. The corres- 
ponding compositions were wc’ghed and the material was melted in a pyrex 
beaker under silicone oil on a hot plate. Ingots were cast in a cylindri- 
cally-shaped split graphite mold and afterwards sectioned into two or 
three pieces v‘th a mass of approximately 3 grams each. The density of the 
sections at 24 “C was determined by the buoyancy technique ut ing distilled 
water. Corrections were applied for the weight of the mounting wire and for 
the temperature dependent density of the distilled water. The density of 
two sample halves never differed by more than 0.3%. Such an error can be 
attributed to inhomogeneities in the material and to micro-voids rather than 
to the accuracy (0.1%) te density determination itself. 

Debye-Scherrer X-ray data were taken from selected single phase alloys 
in order to compare the experimental densities with those obtained from tha 
dimensions of the unit cell. Samples consisting of two phases were annealed 
at room temperature for several months and could be considered to be in 
structural equilibrium. This fact had been verified by measuring the time 
dependence of the electrical resistivity on specially prepared wires [12]. 
The density measurements are par.: cf a broader effort to characterize multi- 
phase materials by their electric and superconducting properties and are 
described elsewhere [13]. 
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Results a n d Discussio n 

The average value of the densities obtained from the two halves of a 
sample are plotted in Figure 1 as a function of the bismuth concentration 
up to 50 at.%. It can be seen that the density of the alloys increases 
smoothly with the Bi-content and that the occurrence of the intermetal lie 
compounds In 2 Bi, In 5 Bi 3 , and InBi apparently does not influence this behavior 
within the accuracy of the measurements. In order to increase the sensitivity 
of the scale in Fig. 1, the data for the following samples with high Bi con- 
centrations have been omitted: Ino.6Bio.4> ^>^0.1®^0.9> whose densi- 
ties are: 9.18, 9.65, and 9.80 g/cm^, respectively. With the exception of Bi, 

these samples are two-phase, consisting of InBi and Bi in corresponding 
proport ions . 

Since five single phase regions occur in the alloying system, the experi- 
mentally obtained densities of these materials may be compared with the density 
calculated from X-ray data of the unit cell. The results of this computation 
using lattice parameters from our own measurements and various other sources 
are given in Table 1. The agreement of the densities in all cases is excellent 
and nowhere deviates by more than 0.6%. It also reflects the expected low concen- 
tration of vacancies in these alloys [14]. 

The change in the specific volume upon compound formation can be calcu- 
lated from the experimental densities as [3] 

AV = Va - (1) 

where Vg and are the specific volume of the alloy and of each of the com- 
ponents respectively. AV values obtained from X-ray data of single phase 
materials are also listed in Table 1. It may be noted that for all three 
compounds which are stable at room temperature, a volume contraction upon 
alloying is observed. The change in specific volume is largest for InBi 
with -0.54 cm^/g-atom 'r equivalent to a shrinkage of 2.9%. 
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The change in specific volume for the single and multiphase alloys is 
given in Fig. 2. Irregardless of the phase status of the alloy, AV seems to 
decrease proportionally to the Bi concentration up to 50 at.% Bi. The small 
deviations of the experimencal data from linearity in the two-phase region 
In 5 Bi-j - InBi are probai ly caused by microcracks in the samples which develop 
upon thermal cycling of InBi. Some samples bad been cooled to 4.2 K at least 
once for superconducti ity measurements prior to the density determination. 

It has been shown by Lai et al. [20] that the thermal expansion coefficient 
of InBi single crystals is highly anisotropic and that irreversible changes 
in morphology can occur by thermal cycling. For this reason, it seems adequate 
that the X-ray density of 8.99 g/cra^ is a reliable value [17] for InBi. 

Also shown in Fig. 2 are the AV values for liquid In-Bi alloys at 
300 ®C taken from reference [11]. The volume expansion upon alloying is 
contrary to the solid alloys and Indicates a tendency for repulsive forces 
in the liquid state. This volume expansion of the liquid alloys which is also 
observed for the systems In-Fb, In-Zn and Pb-Zn is attributed to an excess 
in entropy and enthalpy upon mixing [11]. 

The obvious proportionality of aV with the Bi concentration in solid 
alloys may lead to the conclusion that the Bi atom in the alloys acts with 
a constant specific volume which is different from that in its elemental 
form. A mean atomic volume of In and Bi for the compounds can be calculated 
from the specific volumes. Applying the same procedure to the two-phase 
alloys, a pseudo- itomic volume is obtained. The mean atomic volumes thus com- 
puted for all alloys are plotted in Fig. 3 as a function of the Bi concentra- 
tion. It can be seen that up to a concentration of 50 at.%, the mean atomic 
volume Increases linearly for single-phase ard two-phase alloys. At 50 at.%, 

the line shows a distinct break. Extrapolating the data to pure bismuth 
, o3 

leads to a mean atomic volume of 33.8 A which corresponds to a density of 

10.27 g/cm^. Thf - density, however, is by 4.8% larger than the density of 

o3 

elemental Bi which has a mean atomic volume of 35.4 A . Could it be possible 
that the Bi acts in the alloys as if it were associated with a different 
phase? 
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Blsmuth is known to exhibit several ^.igh-pressure modifications [21,24] 
whose crystal structures are of controversial nature [21,22,23]. It is 
also found that these Bi modifications are metallic and become supercon- 
ducting at 3.9 K, 7.1 K, and 8.3 K for Bill, Billl, and BiV, respectively [21], 
The first modification of Bil/Bill occurs at 25.6 kbar. If Bill were to be 
stable at room temperature and ambient pressure, it should have a density 
of 10.86 g/cm^ when using the data of Bridgman [24] for extrapolation. This 
value is rather high for our considerations. 

However, BIX expands upon freezing and has a 3.3% higher density in its 
liquid state at the melting temperature. Extrapolating the density of liquid 
Bi to room temperature in a linear fashion using the data of Predel and 
Emam [11] results in a value of 10.35 g/cm^ for supercooled Bi at 20 °C. 

O O 

This value corresponds to a mean atomic volume of 33.53 A which compares 
rather favorably with the density in which Bi acts in the alloys. We can, 
therefore, hypothesize that the Bi is associated in solid In-Bi alloys with 
a mean atomic volume whl :h is rather close to that for liquid Bi. Since the 
influence of bismuth on the total density of the alloys is purely additive 
regardless of compound formation, the densities of In-Bi alloys up to 50 at.% 
may be expressed by the relationship 

p = (1-f) P (In)+ fp(Bi) (2) 

where f is the volume fraction of bismuth in the alloy. Again, a value for 
p(Bl) = 10.27 g/cm^ has to be chosen in order to fit the data. As can be 
shown, Eq. (2) gives the experimental densities with an error of less than 
0.5%. Above a concentration of 50 at.%, in the two-phase region InBi-Bi, 
the elemental bismuth acts with a density of 9.80 g/cm^. The high pressure 
In-Bl phase which was shown (22,23) to exist in the concentration range 
between 55 and 80 at.% Bi under a hydrostatic pressure of 25 kbar would 
probably also be located on the extrapolated line of Fig. 3 when it were 
stable at ambient pressure. 
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It is of interest to investigate with which atomic volume the Bi is 
represented in other binary alloy systems with non-transition elements. 

If this were a general behavior, systems vjith the occurrence of solid 
solutions or compounds should extrapolate to a similar atomic volume. 
Unfortunately, most of the alloy systems of Bi with the non- transit ion 
elements are either insoluble or eutectic in nature with very restricted 
solubilities [25]. The available mean atomic volumes from the literature 
are also plotted in Figure 3. 

The only closely related alloy system is found in the Tl-Bi phase dia- 
gram which shows an extraordinarily large solubility of Bi in T1 and the for- 
mation of the intermetalllc phase TIBI2. Using the published lattice con- 
stants [26] to calculate the mean atomic volume for the alloys, a density 
for Bi of 10.27 g/cm'* can be derived. However, the available X-ray data 
are most inaccurate and not plentiful enough to support this conclusion. 

Also given in Figure 3 are the atomic volumes of the Sn-Bi system [27] which 
has a very restricted Bi-solubility of only 13.1 at.Z and is, therefore, 
difficult to extrapolate. In addition, data of Pb-Bi are given [28,29] and 
they do extrapolate to an even smaller atomic volume for Bi. It has been 
noted by Klement [29], however, that a possible polymorphism of Pb may be 
present in these alloys. According to the lattice parameters of the solid 
solution system Sb-Bi [30], the mean atomic volume changes linearly as 

o 00 

expected between 35.38 A-* for Bi and 30.54 A-* for Sb. It can be concluded 
that for all available binary systems with the exception of Sb-Bi, the 
atomic volume for Bi extrapolates to a value which is always smaller than 
that measured for Bi in its elemental form. 
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Smmi 

We have shown that the density In the alloy system In-Bl varies 
smoothly between the values of the terminal elements. No peaks in the 
specific volume are observed at compositions corresponding to the com- 
pounds In 2 Bl, In 5 Bi 3 and InBi. However, a volume contraction does take 
place upon compound formation. The density data can be explained in an 
additive fashion, attributing a mean atomic volume of 33.8 A to bismuth. 

r 

This value represents the atomic volume of Bi in its liquid state at 
room temperature. The same atomic volume could be foimd in Tl-Bi alloys, 
however, more accurate lattice parameters are needed to support the 
statement. 
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Figure 1: The density of In-Bi alloys up to a Bi-concentratlon of 50 at.X. 

A representative error bar Is given for the eutectic composition. 
The dashed line is a linear interpolation between the densities 
of In and Bl. 

Figure 2: Excessive volume of In-Bi alloys. Experimental data points are 

for the individual samples. The curve for T =» 300 °C is taken 
from Ref. [llj . 

Figure 3: Mean atomic volumes of binary bismuth alloys with non- transit ion 

elements. Besides In-Bi, the data are computed from the following 
sources; Tl-Bi vi6), Sn-Bi (27), Pb-Bi (28,29), and Sb-Bi (30). 
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Appendix B 


Abstract Submitted 
for the 1972 Meeting of the 
Soucti. -tern Section of the American Physical 'Society 
November 16-18, 1972 


Time Dependent Resistivity of In-Bi Eutectic. *t 
GUENTHER H. OTTO, The University of Alabama in Hutsville. — 

Upon cooling of a solid In-Bi eutectic (66.3 w.%) sample, 
the compound InjBi (S-phase) will be precipitated from 
the supersaturated a- In phase which leads to a time-depen- 
dent resistivity. We have measured the change in resistivity 
in In-Bi eutectic wires as a function of time after a change 
of temperature was introduced. The sample resistivity for this 
isothermal process can be correlated with the nucleatlon and 
growth of the participating phases. The kinetics of precipita- 
tion leading to the equilibrium composition will be discussed. 


*Submitted by PALMER N. PETERS 

tWork supported by NASA Contract No. NAS8-27809 
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Abstract published in the Bulletin of the American Physical Society 
Series II, 18, 253 (1973). 
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Appendix c 

THE PRECIPITATION OF In2Bi FROM SUPERSATURATED »-PHASE* 


Guenther H. Otto 
Department of Physics 
The University of Alabama in Huntsville 
Huntsville, Alabama 


Indium, having a face centered tetragonal lattice, forms a substitu- 
tional solid solution (o^phase) with bismuth where the maximum solubility 
is strongly temperature dependent. At temperatures below the solubility 
limit, the ot-phase becomes raetastable, and the Bi content in the solid 
solution can be reduced only by incoherent precipitation of the inter- 
matalllc compound Xn 2 Bl. 

We have followed the course of the isothermal precipitation of the 
second phase by resistivity measurement on a polycrystalline indium wire 
containing 8.8 at.% (15 w.%) bismuth. The characteristic temperature at 
which the solubility limit is reached for this composition was found to be 
52 °C. The sample, with the electrical contacts attached, was annealed 
above the characteristic temperature until a stable resistivity reading was 
reached and then repeatedly quenched into a tempe*"ature~regulated water 
bath of different temperatures. The observed time-dependent decrease in 
resistivity is caused by the nucleation and growth of the In 2 Bi phase. 
Plotting the fractional change of the measured resistivity (Pq - P)/ 

(Pg - Pa.) = Ap as a function of time, t, (with p- and p^ being the 
resistivity at t = 0 and t = “, respectively) gives sigmoidal curves 
in which Ap Increases slowly at first, then much more rapidly, and 
finally slowly again. However, all curves can be linearized up to 
Ap = 0.5 utilizing the relation Ap = 1 - exp (-bt^) , which was first pro- 
posed by Avrami. For this expression, b is a measure for the reaction 
velocity, whereas n is governed by the geometry of the growing particles. 
For the material Investigated, the value of n varied between four and 
one, where the latcer is obtained at a decomposition temperature of 0 ®C. 


* 

Supported by NASA-Marshall Space Flight Center 


Abstract publisiied in the Journal of the Alabama Academy of Science: 
200 (1973) 
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SHOCK WAVE SYNTHESIS AND CHARACTERIZATION OF NbjSn 

G. H. OTTO* and U. ROY** 

The University of Alabama in Huntsville, Huntsville, Ala. 35807 (U.S.A.) 

O. Y. REECE 

Marshall Space Flight Center, National Aeronautics and Space Administration, Huntsville, Ala. 358J2 
(U.S.A.) 

(Received March 5, 1973) 


SUMMARY 



The synthesis of NbsSn, a hard superconductor, has been accomplished by 
the use of a converging shock wave arrangement. The irreversible phase formation 
for stoichiometric and non-stoichiometric powder mixtures was studied by changing 
the shock wave intensity. Evidence of compound formation was obtained by 
quantitative metallography, microhardness. X-ray diffraction, and superconductivity 
measurements. It is concluded that tin, due to its high compressibility and low 
specific heai, acts as the main source of heat while the use of powder materials 
favours ready achievement of the reaction temperature. T he same procedure, when 
applied to the formation of the isostructural NbsAl phase, resulted in NbAlj instead. 


INTRODUCTION 
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In the past 25 years, great strides have been made in the peaceful uses of 
high power chemical explosives, once of purely military significance. Materials 
technologies such as explosive forming, -bonding, and -metal powder compaction 
have been introduced. Furthermore, the investigation of shock effects in solids has 
proved to be a useful tool in solid state research* . This paper describes the use of 
shock waves in the synthesis of intermetallic compounds. A brief account of the 
technique has been published elsewhere^. The chemical reaction is herein activated 
by the energy of a converging shock wave. The attributes of the technique are that 
it is relatively simple, that the process is completed in a span of micro-seconds, 
and that the sample is recovered in a practically pressure-temperature quenched 
state. Its transient nature affords an opportunity to freeze-in metastable or non- 
equilibrium phases. 

The shock wave synthesis of Nb 3 Sn, a high field superconductor, was under- 
taken for several reasons. This compound is of commercial interest because of its 


* Supported by NASA Contract with Marshall Space Flight Center. 

** Present Address: 2411 Fantasia Circle, Huntsville, Ala. 35805 (U.S.A.). 


ft 


i 





356 


G. H. OTTO, U. ROY, O. Y. REECE 



applicability in magnets, generators, or frictionless bearings. The characterization 
techniques for this compound are well developed. Equilibrium techniques such as 
casting, sintering, diffusion, sputtering, and vapor deposition are mainly used to 
fabricate this compound. According to the phase diagram^, NbjSn is formed by a 
peritectic reaction at 1980°C. Its high brittleness and the associated fabrication 
difficulties, however, limit its usefulness. 

The main objective of this work was to investigate the compound formation 
by shock waves and to understand the underlying reaction mechanism. 

EXPERIMENTAL DESCRIPTION 

Fine grain powders (— 325 mesh) of niobium (99.9%) and tin (99.99%) were used 
as the starting materials. The powders were weighed to correspond to the chemical 
composition Nbi_,Snx where x was varied between 0.2 and 0.o7. Mechanically 
mixed composite powders were packed in a copper tube of 6.2 mm o.d. and 0.8 mm 
wall thickness. A number of specimen tubes were evacuated to a pressure of 
1x10"® Torr and were sealed under vacuum by electron-beam welding. The 
samples with their ends either crimped or e.b. welded were inserted centrally into 
separate but identical cylindrical containers packed with nitroguanidine explosive 
of varying densities. Figure 1 shows the arrangement in schematic fashion. In 
order to ensure a homogeneous shock wave formation across the entire sample 
length ( 10 cm), the top end of the sample and the detonator were kept 5 cm apart. 
The shock initiation was accomplished with an electrical detonator and tetryl 
booster cap positioned centrally on top of the container. A cone-shaped converging 
shock wave focussed on the symmetry axis of the set-up travels the entire length of 
the sample. As the ductile copper jacket collapses, the powdered material is sub- 
jected to an extensive compaction. Due to the chosen geometry, an increasing pressure 


Ends crimped 
and folded 



Fig. 1. Schematic representation of the converging shock wave technique. 
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is generated toward the center of the sample. The !• cally achieved relative com- 
paction and pressure determine the new state of energy on the Hugoniot curve. 
This state is also associated with a higher temperature. The magnitude of the tem- 
perature increase depends primarily on specific heal and compressibility; small 
specific heat and large compressibility favor the achievement of high temperatures. 
Due to the high porosity of the powder mixtures, which results in a larger com- 
pressibility, an additional temperature increase is obtained*. In this work, the 
resultant shock pressure, and hence the temperature level in the sample, was further 
controlled by changing the density of the explosive charge. 

RESULTS 

It should be pointed out that we were mainly concerned with the residual 
shock effects, i.e., the irreversible phase formation from its constituents. Only 
qualitative arguments will be presented as to the reaction mechanism during the 
transient state. Evidence of phase formation was studied by quantitative metallo- 
graphy. microhardness. X-ray diffraction, and measurements of the superconducting 
transition temperatures. The results are presented systematically, the variable 
parameters being the explosive charge or the chemical composition. 

Stou hiomeiric powder composition ( 3Nb: ISn) 

The polished cross sections of the shocked samples were anodized to establish 
a visual phase separation by different interference colors. According to Picklesimer*, 
the colors for the intermetallic phases in the system Nb-Sn range from light blue for 
elemental niobium to red-brown for NbSn 2 - The intermetallic compound, Nb 3 Sn, 
is represented by a dark blue color. The micrographs in Fig. 2(a) and (b) are 
black-and-white reproductions of color photographs from a longitudinal and a 



Fig. 2. Section of a 3Nb: ISn powder mixture explosively shocked w ith a charge density of 0.55 g/cm^. 
(a) Longitudinal section ( x 60). (b) Transverse section ( x 60). 
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transverse cross section of a sample submitted to a charge density of 0.55 g/cm^. 
A distinct zone of compound formation is observed in the core of the sample. 
The diameter of this reaction zone for a given charge density is uniform throughout 
the entire specimen length, as represented in Fig. 2(a). Investigation of samples 
submitted to progressively increasing charge density showed that a reaction zone 
appears only after a critical load is exceeded. Thereafter the diameter of the reaction 
zone increases as the shock pressure, and thereby the conserved energy of the shock 
wave increase. From observations of anodized specimens, an average diameter of 
the reaction zone has been plotted against the charge density in Fig. 3. 
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Fig. 3. Average diameter of the reaction zone from shocked 3Nb: ISn powders as a function of charge 
density. 

The reaction zone consists predominantly of the Nb 3 Sn phase with some 
particles of unreacted tin and niobium. No evidence for the formation of Nb^Soj 
or NbSttj, which are unstable^ above 930°C, was found. The newly formed Nb 3 Sn 
compound consists of interconnected particles of approximately 5 /tm in diameter. 
The degree of interparticle network formation is strongly dependent on explosive 
load and initial tin content 

Microhardness measurements were performed on a mmber of samples with 
a load of 50 g. The average hardness values in DPH are 140, 230, and 540 kp/mm^ 
for niobium particles outside the reaction zone, inside the reaction zone, and the 
Nb 3 Sn phase, respectively. The almost fourfold increase in microhardness for the 
reaction product is evidently due to the formation of the compound. 

Since the transition temperature, 7^, of the equilibrium Nb 3 Sn phase is 18.0 K, 
which is much higher than those of Nb (7^ = 9.3 K) and Sn (7^ = 3.7 K), super- 
conductivity measurements provided a sensitive means of detecting NbsSn phase 
formation. Resistivity as well as a.c. inductive methods were used to measure the 
transitions to superconductivity. Figure 4 shows normalized resistive transition 
curves of stoichiometric powder mixtures subjected to increasing shock pressures. 
On samples submitted to sub-critical loads, and thereby exhibiting no reaction 
zone, only the transition of the niobium is observed. The of the shocked niobium 
is lowered by 0.9 K compared with the unshocked powe Once the critical load 
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Fig. 4. Superconducting transition curves of shocked 3Nb; ISn powders subjected to diffc ent charge 
densities. 


is exceeded, the transition temperature is rapidly attained to a maximum of 16.4 K 
with an onset-temperature to superconductivity of 16.7 K. The samples shocked 
with non-optimum conditions show only partially connected NbjSn particles, 
allowing no continuous path for the supercurrent, and therefore the transition for the 
unreacted niobium is also observed. 

The X-ray diffraction patterns of powders taken from different cross-sections 
of the specimen again confirmed the formation of NbjSn. The lattice parameter for the 
A\S phase was calculated to be 5.287 + 0.003 A, which is in good agreement with 
published data®. The ( 1 10) reflection, which is most order-sensitive in this structure^, 
could not be detected. This indicates that the compound is formed in a partially 
disordered state wherein the Nb sites in the lattice are occupied by Sn atoms and 
vice versa. 

The transition temperature measurement was repeated on samples that were 
vacuum sealed prior to the shocking process. Practically no difference in 7^ was 
observed on samples that contained air pockets and those sealed under vacuum. 

Off-stoichiometric powder composition 

From the results of the previous section the optimum charge density needed 
for the formation of Nb 3 Sn is inferred to be 0.5 g/cm^. This experimental parameter 
was now kept constant so that the same shock pressure was applied on the copper 
jacket from sample to sample, whereas the composition of the composite powder 
was deliberately varied. The average diameter of the reaction area is plotted against 
the tin content in Fig. 5 which shows that the increase in tin content markedly 
expands the reaction zone. Microscopic examination of the anodized samples revealed 
the formation of the NbjSn phase in the core. However, with increase in the tin 
content, the interconnection of the Nb 3 Sn particles became less frequent and finally 
the individual particles were completely separated, resulting in the disappearance 
of the network formation. Figure 6 shows that 7^ is essentially independent of the 
composition change up to 40 al% tin. With higher Sn content, the Nb 3 Sn lattice 
becomes unstable, associated with a rapid drop in the transition temperature. This 
behavior is in agreement with f. measurements on as-cast samples, as reported by 
Kunz and Saur®. 
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Fig. S. Average diameter of (he reaction zone against tin content 


Fig. 6. Transition temperatures of samplcN in dependence of tin content. 


Shock compaction of •ernary composite powders 

An attempt was made to synthesize the isostructural high 7^ compound 
Nb 3 AI by the same technique starting from a stoichiometric powder mixture. A 


Onsdt of transition 
Hoif-point of transition 
Avorog* d'omaier 


Aluminum content 

Fig. 7. Section of the reiction zone of a 3Nb: lAI powder mixture shocked with a charge density of 
0.5 g/cm^. Reproduction of a color photograph from an anodized surface. ( x 100) 


Fig. 8. Transition temperatures as well as the average diameters of reaction zone in Nb 3 (Sn| .,AI.) 
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reaction zone with uniform microstructure yielding an average microhardness of 
500 kp/mm^ in comparison to a reading of 200 kp/mm^ outside this area was 
observed. A black-and-white reproduction of a color photomicrograph obtained 
on an anodized specimen is shown in Fig. 7 and demonstrates the presence of at least 
one new phase. The 7^ measurements, on the other hand, gave a value of 8.4 K 
which can be attributed to the transition temperature of the shocked niobium itself. 
The Debye-Scherrer X-ray data of the core material revealed no NbjAl with the 
i415 structure. Using the characteristic data published by Brauer’, all reflection 
lines could however be indexed to the intermetallic compound NbAl 3 with body- 
centered tetragonal structure and a melting temperature* ° of 1605°C. 

In order to resolve this question, an approach involving a ternary powder 
composition was adopted, the Sn atoms being gradually substituted by A1 atoms 
in the compound NbjSn — a phase which readily forms by shock waves. The initial 
powder composition corresponded to the formula Nb 3 (Sn i _ , Al^^) . F igure 8 is a plot of 
X; and the average diameter of the reaction zone against the A1 content in Nb 3 Sn. 
The experimental conditions were adjusted to keep the shock parameters unchanged 
and optimum in regard to the formation of Nb 3 Sn. The extent of the reaction zone 
does not display any appreciable dependence on the degree of Sn substitution. The 
transition temperature decreases markedly as the A1 content in the sample increases 
— an effect which is also observed on cast specimens**. However, no rise in X 
occurs as the composition of NbjAl is approached. This might be caused by the 
severe quenching rate which suppresses the formation of the >415 lattice. 

DISCUSSION 

Our results show that the technique leads to the formation of a bulk quantity 
of the Nb 3 Sn phase, the yield under optimum shock conditions being as high as 
80% within the reaction zone. Since the shock-synthesized Nb 3 Sn was formed under 
high pressure during the time interval in which the shock wave passed through the 
reaction zone, some properties are expected to be different from those of Nb 3 Sn 
prepared under equilibrium conditions. The lattice parameter of a = 5.287 A is 
somewhat smaller than that reported^' * ^ for stoichiometric Nb 3 Sn of 5.290 A. This 
difference can be accounted for by the fact that the shock-synthesized compound is 
slightly off-stoichiometric composition though still within the range of homo- 
geneity. 

The transition temperature of the shock-synthesized Nb 3 Sn is lower by 1.3 K 
than that reported® for cast and subsequently annealed material. This reduction in 
X may be caused by the severe quenching the compound experiences after passage 
of the shock wave. A similar reduction in X has been observed by Matthias et 
a/.*^ on splat cooled Nb 3 Sn (cooling rate 10® deg/s). The process of quenching 
freezes-in the high degree of atomic disorder which is present at the temperature of 
formation. The degree of disorder is such that Nb sites in the /1 15 lattice are occupied 
by Sn atoms and vice versa, which shows up in the missing order-sensitive (110) 
X-ray reflection as well as in the reduction of the superconducting transition tempera- 
ture. The degree of atomic order could be subsequently improved by annealing of 
the shocked material at temperatures around 800°C; however, thi additional forma- 
tion of Nb 3 Sn from unreacted Nb and Sn by a diffusion process cannot then be 
avoided. 
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The temperature pulse induced in a material by a shock wave is specified in 
the following way: when a shock wave travels through a solid material, the matter 
is severely compressed (in an isen tropic process) and the atoms are accelerated 
in the direction of the velocity vector of the shock wave. The local pressure, and 
the relative compaction of the material thereby generated, determine the new state 
of internal energy on the Hugoniot equation of state curve and the resultant tem- 
perature^*. After the passage of the shock wave the pressure is released to ambient 
conditions by an adiabatic expansion. Since the entropy in this process is not 
conserved there will be residual heat left in the material. It is generally impossible to 
measure the temperature of the material behind the shock wave, but this quantity can 
be calculated for a number of elements for which the Hugoniot equation of state 
has been measured**. 



Fig. 9. Calculated temperature- pressure diagram for bulk and porous metals (after McQueen et a/.”). 


Figure 9 shows calculated temperatures for bulk Nb, Sn, and A1 along 
the Hugoniot curve during compression, published by McQueen and co-work- 
ers**’ **. It is seen that, for the same pressure, the temperature increase 'for tin is 
considerably higher than that for niobium, because of the higher compressibility 
and lower specific heat of Sn compared with Nb. We infer that, in order to initiate 
the reaction of the components, the necessary temperature is generated by the com- 
paction of tin rather than of niobium. If, on the other hand, p>orous materials are 
used, the compressibility is considerably higher, and the same temperature is readily 
achieved under a lower shock pressure. This i$ demonstrated by the curves for 
materials of different porosities shown in Fig. 9. The temperatures are calculated 
for a porosity of 40% and 20%, which is a representative range for the used pewders. 
The additional temperature increase of the shocked, porous material over the 
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shocked, non-porous material is assumed^ to be proportional to the locally 
achieved pressure and to the difference in the initial specific volume of the porous 
and non-porous materials. 

The diameter of the reaction zone is found to depend on the charge density. 
It reflects that the detonation pressure at the explosive-sample (copper) interface 
can be varied by packing the explosive with different densities. The diameter of 
the reaction zone also depends on the tin content (Fig. 5), while the charge density 
and the shock wave configuration were kept constant. This is caused by the dis- 
sipation of the heat in the varying amount of niobium. If the amount of tin is gradually 
replaced by aluminum under the same experimental conditions, the temperature 
distribution in the sample during passage of the shock wave is only slightly changed 
and the average diameter of ihe reaction area decreases slightly as shown in Fig. 8. 

The shock pressure at the nitroguanidine/copper interface is estimated’’ 
to lie between 200 and 250 kbar, depending on the packing density of the explosive. 
The cone-shaped converging shock wave used here compensates for all losses in 
its energy which may be caused by reflection at the various interfaces or by the 
process of melting after entering the sample. It is therefore assumed that the reaction 
of the two components occurs only when the required temperature for the peritectic 
reaction is reached. At these pressures the tin will be in a molten state (225 kbar 
being the incipient melting pressure’®) whereas the niobium is still solid. Under 
these conditions the Nb will be dissolved in liquid tin and as the peritectic tempera- 
ture is reached the solid NbjSn phase forms, with its subsequent rapid build-up. 
This reaction mechanism is supported by the observation that the unreacted Nb 
particles are surrounded by the NbsSn phase which sho'vs a tendency to break 
away from the niobium and form a granular, interconnected particle network. The 
transient nature of the process precludes the formation of a-Nb solid solution which 
would require a sluggish solid state diffusion. At higher than stoichiometric tin 
content, the Nb 3 Sn phase again forms but then becomes increasingly isolat* i 
through the medium of unreacted and excess tin. 

The NbjAl phase should also form by a peritectic reaction at 1960°C 
but the phase diagram in this case (above 1000°C) is much more complex than that 
of Nb-Sn due to the presence of two more intermetallic phases. In addition, it can 
be expected that A1 does not melt at shock pressures between 200 and 300 kbar, for 
which process a shock pressure in excess of 600 kbar is needed”. The X-ray data 
show that the process of shock wave synthesis in this case evidently favors the 
formation of the NbAl 3 phase over the intended Nb 3 Al phase. The cause may 
again be the high quc.iching rate of the shock wave synthesizing process. 
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